Sleep Is a Conserved Behavioral and Physiological State {#s1}
=======================================================

LACK of sleep or low sleep quality causes tiredness, lowers productivity, and decreases mood. Sleeping problems are widespread in human societies across the globe with severe health and economic consequences ([@bib19]). Because of its vital role, this behavior can be found in most animals that have a nervous system and that have been studied carefully ([@bib12]; [@bib18]). To fulfill its essential functions, sleep is exquisitely controlled by the brain and other organs to ensure that enough of this behavioral and physiological state takes place ([@bib86]). It is necessary to understand how sleep is controlled if we are to develop strategies to intervene with sleeping disorders and to harness the power of sleep to improve human health.

Sleep is defined and can be identified by behavioral criteria such as reversible behavioral quiescence with a reduced responsiveness to sensory stimulation and homeostatic control ([@bib12]). Using these behavioral criteria, sleep has been detected in various species including mammals and birds, and also in all other major animal model systems, such as the zebrafish *Danio rerio*, the fruit fly *Drosophila melanogaster*, and the nematode *Caenorhabditis elegans* ([@bib36]; [@bib90]; [@bib109]; [@bib79]; [@bib45]; [@bib99]; [@bib5]; [@bib73]). Sleep has even been detected in basal metazoans that have a nervous system such as cnidarians, suggesting that sleep evolved together with a nervous system before its centralization ([Figure 1](#fig1){ref-type="fig"}) ([@bib68]).

![Three key steps in the evolution of sleep-active neurons. (1) As soon as locomotion behavior evolved, a need for rest led to the (likely endocrine) control of active and inactive states. (2) With the invention of a nervous system, the need for a fast-switching sleep system arose, leading to the evolution of inhibitory sleep-active sleep-inducing neurons and circuits controlling these. Cnidarians sleep and presumably possess sleep-active neurons, even though these neurons have not been identified yet. (3) To cope with demands for higher brain function complex brains diversified sleep-active neurons to generate both non-REM (rapid eye movement) and REM sleep.](1279fig1){#fig1}

Electrophysiological parameters that match behavioral characteristics are often used to detect and characterize sleep. For example, in the mammalian and avian brain, electrical activity measurements called electroencephalograms (EEGs) are typically used to classify and quantify different sleep stages. The EEG measures local field potentials of the cortex ([@bib39]). Electrophysiological measurements in humans led to the discovery of two types of sleep: rapid eye movement (REM) sleep, which is also called active sleep, and non-REM sleep, which is also called quiet sleep. REM sleep is characterized by asynchronous brain activity that is similar to cerebral firing patterns during wakefulness. Body muscles are paralyzed, with the notable exception of certain muscles required for respiration as well as muscles required for eye movement, allowing the continuation of breathing and causing complex eye movements ([@bib6]; [@bib74]; [@bib75]). REM sleep is present in mammals and birds, and evidence for REM sleep also exists in nonavian reptiles, suggesting an evolutionary emergence of REM sleep at the level of the reptiles ([@bib53]; [@bib91]). Non-REM sleep in mammals and birds is characterized by strongly reduced muscle tone and brain activity, as well as slow oscillatory EEG patterns called slow waves. The extent of slow waves, called slow-wave activity, was found to correlate with the difficulty of arousing a subject during sleep across many conditions and is thus used as a proxy for sleep depth ([@bib22]; [@bib104]). While EEG slow-wave activity is an established marker for non-REM sleep in mammals and birds, such electrical activity is a product of specific brain architecture and thus cannot necessarily be detected in other species. Similar patterns can still be observed in amphibians and reptiles ([@bib53]; [@bib91]). However, in zebrafish, *Drosophila*, and *C. elegans*, slow-wave activities have not been described. Nevertheless, even invertebrates show brain activity characteristic for quiet sleep, such as an overall reduction of neural activity ([@bib72]; [@bib87]; [@bib11]; [@bib71]). Thus, the type of sleep that is found most widely across species is non-REM or quiet sleep, which likely occurs in most or all animals that have a nervous system. By contrast, there is currently no compelling evidence for the existence of REM or active sleep outside of the amniotes. The restricted distribution of REM sleep and the wide occurrence of quiet sleep have shaped ideas as to the functions of sleep. REM sleep is believed to be required for higher brain functions, perhaps learning or forgetting. Its importance is suggested by a rebound after deprivation, but there is no consensus as to how important REM sleep is for survival ([@bib49]; [@bib93]; [@bib75]). While non-REM/quiet sleep functions are only just beginning to be understood, there is a broad consensus that sleep is required to restore fundamental cellular processes, manage energy metabolism and behavior, and is vital for animal life ([Figure 1](#fig1){ref-type="fig"}) ([@bib18]; [@bib94]; [@bib41]).

Drivers and Motors of Sleep {#s2}
===========================

Sleep-promoting neurons are important regulators of sleep. These neurons can act in two different ways to promote sleep, either directly or indirectly. The first type typically depolarizes strongly at the onset of sleep, which leads to the release of inhibitory neurotransmitters such as neuropeptides and γ-aminobutyric acid (GABA) directly onto wake-promoting circuits. This then causes an inhibition of arousal and alertness, and thus an induction of sleep. This type of sleep-promoting neuron is called sleep-active, because the depolarization of these neurons precisely coincides with sleep induction ([@bib85]). Sleep-active neurons that directly inhibit arousal circuits could thus be viewed as the motor that causes sleep.

A second group of sleep-promoting neurons acts indirectly by increasing the activity of sleep-active neurons ([@bib88]; [@bib5]). The neurons that activate the sleep motor could be viewed as the drivers that control sleep-active neurons. While it is plausible to assume that a sleep-promoting "driver" neuron should also depolarize in relation to sleep, physiological data are scarce, in part because calcium imaging and electrophysiology is technically difficult in some systems, and because the circuitry is only partially known. Thus, our understanding of the physiology of sleep-promoting driver neurons still is highly incomplete. Hypothetically, sleep-promoting driver neurons should depolarize prior to sleep-active neurons, before sleep induction, when the system is still in wakefulness.

The key defining behavioral characteristics of sleep---namely reduced responsiveness, reversibility, and homeostasis---can be viewed and understood from the point of neural circuits consisting of positive and negative drivers controlling a sleep motor. According to this interpretation, tiredness is generated by sleep-promoting driver pathways that can lead to depolarization of the sleep-active neurons of the sleep motor. Reduced responsiveness is generated by the inhibition of arousal and sensory circuits through the activation of sleep-active neurons. Wake-promoting pathways inhibit sleep, either by directly inhibiting the sleep motor or its activators. Sleep reversibility can be triggered by a stimulus to the brain that involves the activation of arousal circuits plus the inhibition of sleep-inducing neurons. Homeostasis could involve pathways leading to increased sleep drive, *i.e.*, would present an overactivation of upstream driver pathways leading to increased depolarization of sleep-active neurons, leading to increased sleep.

Similar to sleep neurons, stop neurons function to interrupt locomotion sequences. Locomotion stop is, for instance, required for episodic locomotion. To regulate locomotion patterns, central pattern generators in the spinal cord are controlled to start, maintain, or halt locomotion. In vertebrates, brain stem stop neurons activate at the end of a movement period to inhibit central pattern generators required for locomotion, resulting in the cessation of a locomotion sequence ([@bib8]; [@bib43]). Sleep neurons and stop neurons can be distinguished by the scope of their actions. Whereas sleep neurons induce a systemic inhibition of wakefulness, stop neurons halt locomotion without impairing arousal and alertness.

Upstream driver pathways include timers such as the circadian clock that control at what time of the day the organism engages in this behavior. In addition, sleep is controlled by homeostatic and allostatic mechanisms that reflect the sleep need of the system. Whereas homeostatic mechanisms detect sleep deprivation or extended wakefulness, allostatic mechanisms respond to physiological insult and increase sleep propensity to regain physiological equilibrium ([@bib85]). In summary, understanding sleep control requires understanding the activation and fast switching of sleep-active neurons of the sleep motor through driver pathways.

The use of model organisms has greatly contributed to a molecular mechanistic understanding of sleep. In particular, the study of non-REM or quiet sleep is possible in all major animal models, and the focus of this review will be on the control of sleep though sleep-active neurons from vertebrates to invertebrates. Existing studies, though still giving a highly incomplete picture of sleep regulation, show a high level of conservation of molecular pathways and reoccurrence of circuit mechanisms for sleep control. The high level of similarity and conservation suggests that not only sleep, but also the mechanisms that control it, sleep-active neurons forming a sleep motor and diverse drivers regulating their activity, evolved early in the history of nervous systems.

Sleep-Active Neurons Across Model Animals: Mammals {#s3}
==================================================

The first evidence for an active role of a specialized brain region in controlling sleep came from the brains of patients, which, as a consequence of infectious encephalitis, experienced insomnia. There were brain lesions in the anterior hypothalamus in all of the insomnia patients, providing the first evidence of a dedicated brain area that controls sleep, which was called the "center for regulation of sleep" ([@bib103]). While several mammals, including cats and rats, have been used for anatomical sleep studies, mice have become the most used model mammal for molecular dissections of sleep. Using various models, a sleep-inducing region was narrowed down to a subset of GABAergic/peptidergic neurons in the Preoptic Area (POA) ([Figure 2A](#fig2){ref-type="fig"}). It turned out that POA neurons depolarize at the onset of sleep, and were hence called sleep-active. Lesions in this region led to reduced sleep, implying that these neurons are sleep promoting ([@bib69]; [@bib62]; [@bib57]). Activating all GABAergic neurons of the POA leads to increased wakefulness. However, a subset of these neurons, specifically those that are projecting to the tuberomammillary nucleus (TMN), a wake-promoting region, can induce sleep acutely when activated optogenetically, suggesting that this population of neurons is required for the loss of sleep after POA lesion ([@bib17]).

![Sleep-controlling neural circuits already identified in genetic model animals. Sleep-active sleep-promoting inhibitory neurons are shown in blue, wake-promoting neurons are shown in red, and indirectly sleep-promoting neurons are shown in green. For several neurons the classification is tentative. (A) Sleep-active sleep-promoting neurons that inhibit wake-promoting neurons were defined in mammals. These key regulators are themselves controlled by inhibitory and activating pathways. (B) The zebrafish contains sleep-promoting and wake-promoting circuits that are highly similar to mammalian sleep circuits. Sleep-active neurons have not yet been identified in this system. (C) *Drosophila* possesses several sleep-promoting and wake-promoting circuits. Similar to mammals, it appears to have fast-switching sleep-promoting neurons that are controlled by positive and negative upstream circuits. (D) *C. elegans* has two key sleep neurons: a single sleep-active sleep-promoting neuron that confers the fast switching kinetics typical for sleep, plus a sleep-promoting neuron that detects allostatic sleep need.](1279fig2){#fig2}

Counteracting the sleep-promoting system is the so-called ascending arousal system, which is formed by several brain areas expressing activating neurotransmitters, an example being the noradrenergic locus ceruleus (LC) in the brain stem. The ascending arousal system causes wakefulness by activation of the thalamus and cerebral cortex ([@bib29]). Sleep-active neurons of the POA innervate and inhibit wake-promoting areas of the ascending arousal system and thus directly induce sleep by inhibiting wakefulness. By analogy, the sleep-inducing system has been called the descending system ([@bib86]).

While these sleep-active neurons appear to control sleep by inhibiting wake-promoting centers such as the TMN, they are themselves inhibited by the wake-promoting ascending arousal system. This mutual inhibition acts like a "flip--flop" switch, which ensures that sleep and wake exist as discrete states, and allows fast switching between the states, which is a defining characteristic of sleep ([@bib84], [@bib86]). The importance of stable states is illustrated in narcolepsy patients, who suddenly fall asleep. Narcolepsy can be caused by the loss of a switch-stabilizing neuropeptide called orexin/hypocretin, which is expressed in an area of the hypothalamus and presents a part of the ascending arousal system ([@bib13]; [@bib54]; [@bib83]).

The fact that lesions in the POA produced only partial sleep loss suggested that additional sleep-active areas exist. Sleep-active neurons were subsequently found in several other brain areas, including the basal forebrain, lateral hypothalamus, cortex, and, importantly, in the medulla of the brain stem ([@bib32]; [@bib4]; [@bib59]). Inhibitory neurons of the parafacial zone (PZ) of the brain stem were shown to be both required and sufficient for sleep induction. The PZ targets and inhibits neurons of the parabrachial nucleus, a major arousal-controlling center ([@bib106]; [@bib3]). REM sleep is controlled by GABAergic neurons of the ventral Medulla. These neurons are active during REM sleep and also during wakefulness, and their optogenetic activation can potently induce the switch from non-REM to REM sleep and maintenance of REM sleep ([@bib107]). Thus, both REM sleep and non-REM sleep induction is mediated by inhibitory sleep-active neurons. Similar to the flip--flop switch controlling sleep and wakefulness, non-REM and REM sleep appear to be mutually exclusive and inhibit each other ([@bib58]). Several centers for sleep induction have been identified in the mammalian brain, with each consisting of inhibitory sleep-active sleep-promoting neurons. Thus, a likely scenario is that, under physiological conditions, sleep in mammals is induced by the concerted action of several regions containing sleep-active neurons.

Circadian control ensures the timing of sleep: for instance, rodents sleep mostly during the day, whereas humans typically show consolidated sleep during the night. Circadian rhythms are generated by conserved factors generating an oscillating transcriptional translational feedback loop. A master oscillator in the suprachiasmatic nucleus (SCN) controls peripheral clocks in cells of other brain parts or organs ([@bib65]; [@bib80]). The SCN provides an arousal cue to consolidate sleep. Ablation of the SCN increases sleep and alters its timing, but most of the daily sleep and homeostasis is still present ([@bib25]). The SCN controls the activity of sleep-active neurons indirectly via a three-step circuit. This indirect connectivity likely allows adaptation of the sleep-wake rhythm to different circadian times: Pacemaker neurons of the SCN are active during the light phase in a wide range of mammals, but circadian sleeping times differ among species and environmental conditions ([@bib16]; [@bib86]). While the SCN provides a wake-promoting signal, it can also be sleep promoting: for example, the SCN rhythmically expresses TGF α, which was reported to promote sleep through EGF signaling ([@bib47]).

Homeostatic processes play a role in controlling sleep amount and depth. As a part of sleep homeostasis, an increased activity of sleep-active neurons in the POA has been found after sleep deprivation when the animal returned to sleep, indicating that sleep-inducing neurons convey a homeostatic process ([@bib85]; [@bib2]). But what are the mechanisms upstream of sleep-inducing neurons and how do they measure sleep need? It was proposed that sleep-promoting molecules called somnogens are produced as a function of wakefulness. The somnogens then lead to increased sleep drive. One such somnogenic modulator of sleep need is extracellular adenosine, which accumulates in the forebrain during wakefulness ([@bib77]). It was suggested that adenosine nucleotides accumulate as a function of neural activity. Thus, increased wakefulness would lead to an increase of extracellular adenosine ([@bib78]), which could then lead to the inhibition of wake neurons and the activation of sleep-inducing neurons, perhaps by a disinhibitory mechanism ([@bib66]; [@bib106]). Astrocytes control neuronal activity though the secretion of neurotransmitters, a phenomenon that is called gliotransmission. Inhibition of gliotransmission impairs adenosine-mediated aspects of sleep homeostasis. A potential mechanism underlying extracellular adenosine accumulation could be that neuronal activity leads to astrocyte activation, and then astrocytes in turn secrete ATP to the extracellular space, where it is hydrolyzed to adenosine ([@bib34]; [@bib28]).

Sleep is important for learning and memory as sleep deprivation impairs memory formation ([@bib21]; [@bib104]). Conversely, learning or stimulating environments appear to increase sleep, consistent with the view that wakefulness promotes sleep though neural use. This effect is region-specific, as those brain areas that are heavily used show a subsequent local increase in sleep. ([@bib20]; [@bib38]; [@bib23]; [@bib105]; [@bib92]). If sleep is under a local use-dependent control and assuming that this local sleep is induced by sleep-active neurons, this would predict that sleep-inducing neurons exist that target local areas specifically. It would be interesting to find out whether global sleep is generated by the concerted action of many parallel local sleep inducers or by systemic sleep generators that exist in addition to the local systems.

In addition to homeostatic drivers, allostatic mechanisms exist that also lead to the production of somnogens. Sickness is known to alter sleep patterns and increase sleepiness. Examples of allostatic somnogens are cytokines produced by infection and inflammation. For example, interleukin 1 and Tumor Necrosis Factor α were shown to increase sleep amount, which in turn was found to improve the functions of the nervous system ([@bib98]; [@bib10]). While somnogens certainly play a role in sleep regulation, they cannot explain all aspects of sleep homeostasis. Activation of sleep-inducing POA neurons also contributes to the effectiveness of isoflurane anesthesia ([@bib64]). Thus, the amount and quality of sleep are under the control of multiple pathways that include circadian, homeostatic, and allostatic mechanisms. In a likely scenario, these pathways converge onto sleep-inducing neurons and cause their depolarization. Identifying and understanding pathways leading to sleep-inducing neuron depolarization will probably present the most promising strategy for developing treatments for sleeping disorders.

Sleep in Nonmammalian Models: Zebrafish {#s4}
=======================================

The appeal of using the zebrafish as a model resides in its bridging position between complex and expensive rodent models, and simpler and cheaper invertebrate models. Zebrafish have smaller brains than mammals yet have a higher conservation of neural architecture compared with invertebrates. Thus, this species allows the dissection of genetic and neural circuits likely relevant to human non-REM sleep. Unlike rodents and like humans, zebrafish are a diurnal species. Sleep in zebrafish can be studied in both the larva and the adult. While adult zebrafish sleep only relatively little, larvae show substantial sleeping behavior and the use of larvae also speeds up the analysis, as large numbers of individuals can be produced ([@bib109]; [@bib108]). The system allows genetic and pharmacological screening and shows a high level of conservation of neuropeptide systems. Sleep in fish is typically detected by behavioral criteria rather than electrophysiological criteria. The main readout is locomotion and its quiescence is used to score sleep. This appears to be a valid approach as locomotion quiescence has been shown to be sleep-like by additional behavioral tests, such as reduced arousal thresholds and reversibility. Homeostatic control of sleep appears to be less pronounced in zebrafish compared with other species and quiescence behavior can be potently suppressed by light ([@bib108]; [@bib82]; [@bib7]; [@bib73]).

Zebrafish brains contain sleep- and wake-promoting neurons. Among the wake-promoting systems are the orexin/hypocretin system that controls the flip--flop switch in mammals, as well as neuromedin U ([@bib15]; [@bib26]) ([Figure 2B](#fig2){ref-type="fig"}). Among the best-characterized sleep-promoting systems are melatonin, which is produced by the pineal gland and presents the major sleep-promoting output of the circadian rhythm at night ([@bib109]; [@bib31]), and neuropeptides of the RFamide (Arg-Phe-NH2 motif at their C-terminus) family called QRFP. These peptides are expressed in a subset of glutamatergic neurons in the hypothalamus. Gain- and loss-of-function experiments of components of this system suggest that QRFP-expressing neurons are sleep-promoting specifically during the day, and that loss of the peptide receptors leads to hyperactivity. The glutamatergic neurotransmitter expression suggests that these neurons are activating ([@bib14]). It is not known when these neurons are active, but current evidence suggest that they do not present inhibitory sleep-active sleep-promoting neurons, but rather constitute an arousal-controlling circuit that may be linked to the activation of sleep-active neurons, but this classification is tentative. Irrespective of their classification, QRFP neurons cannot explain the majority of sleep, which occurs during the night.

Another sedating peptide in the zebrafish that promotes sleep and inhibits activity is the vertebrate hypothalamic RFamide neuropeptide VF (NPVF). As NPVF-expressing neurons are also glutamatergic, this could mean that they act indirectly by controlling other sleep neurons ([@bib50]). The discovery of sleep promotion by a RFamide peptide in a vertebrate presents an important finding, as RFamide neuropeptides were previously implicated in invertebrate sleep (see below). While it is often difficult to identify homologies for the short and often unstructured neuropeptides between invertebrates and vertebrates, this suggests that RFamide neuropeptides are ancient and conserved regulators of sleep.

In summary, wake- and sleep-promoting systems clearly exist in zebrafish, but sleep-active neurons are as yet unidentified. Because of the high level of conservation and the presence of conserved sleep-regulatory components in this system, it can be expected that sleep-active neurons also exist. Functional imaging of sleep in a strain expressing calcium indicators in inhibitory neurons ([@bib1]), focusing on regions such as the hypothalamus and brain stem, may allow the identification of sleep-active neurons also in this species.

Sleep-Promoting Neurons in *Drosophila* {#s5}
=======================================

*Drosophila*, along with *C. elegans*, is a major invertebrate model for the molecular dissection of behavior. This diurnal species has a short generation time and has the advantage of allowing facile genetic dissections. It is an instructive model for solving the molecular mechanisms and neural circuits underlying sleep, and results from the fly have been shown to be relevant also for understanding vertebrate sleep ([@bib5]).

There are four main regions of inhibitory (GABAergic/peptidergic) sleep-promoting neurons described in the fly ([Figure 2C](#fig2){ref-type="fig"}) ([@bib5]). One of the first brain structures to have been implicated in sleep control in the fly was the mushroom body. This brain part is complex and contains several populations of cells, including both wake-promoting as well as sleep-promoting neurons ([@bib42]; [@bib96]; [@bib5]). A second sleep-promoting structure is the single pair of dorsal paired medial neurons that innervate the mushroom body (MB). These neurons are GABAergic and serotonergic, and inhibit wake-promoting neurons. Intriguingly, these neurons are also involved in memory consolidation ([@bib35]). Third, peptidergic neurons in the PI, which may be the counterpart of the mammalian hypothalamus, were shown to be sleep promoting. This process depends on EGF signaling, which also plays a role in mammalian and worm sleep, underscoring the high level of conservation of sleep-regulating pathways ([@bib27]). Fourth are ExFl2 neurons of the dorsal fan-shaped body, which clearly fulfil the criteria for sleep-promoting neurons, with artificial activation leading to sleep induction and ablation leading to sleep reduction ([@bib24]; [@bib56]). These neurons were not shown to be GABAergic, but are peptidergic. Similar to mammalian sleep-active neurons, they modulate the anesthetic effects of isoflurane ([@bib46]). Reminiscent of a flip--flop switch, these neurons can be inhibited by wake-promoting dopaminergic PPL1 and PPM3 neurons, switching them from an electrically excitable ON state to a silenced OFF state ([@bib76]). As part of a homeostatic compensation of sleep loss and extended wakefulness, ExFl2 cells show increased firing after sleep deprivation. Key to the overactivation of ExFl2 cells during rebound sleep are R2 neurons of the ellipsoid body that are activators of ExFl2 neurons, though the circuitry of this interaction is not known. It was proposed that wakefulness leads to the potentiation of presynaptic zones of R2 neurons, likely dependent on N-methyl-[d]{.smallcaps}-aspartate receptors that confer an increased excitability of these neurons ([@bib55]). The circadian rhythm controls the timing of sleep so that most sleep occurs during the night. In addition, flies show daytime sleep that is called a siesta and is more pronounced in males. Thus, there are two activity phases, one in the morning and one in the evening. The sLNvs (small ventrolateral neurons) and fifth sLNv pacemaker arousal neurons are under circadian control to inhibit sleep and trigger activity in the morning and evening, respectively. These pacemakers are themselves inhibited by sleep-promoting glutamatergic dorsal clock (DN1) neurons, resulting in the control of a sleep--wake rhythm across the day ([@bib33]).

Thus, the circuit understanding of sleep control in *Drosophila* has advanced in the past few years, with current evidence pointing to several centers thought to be sleep promoting. Several of these are inhibitory and present counterparts of mammalian sleep-active neurons. Nevertheless, the *Drosophila* literature is largely devoid of the term "sleep-active" as a descriptor of fly sleep-inducing neurons. For instance, the sleep-promoting dFB neurons were described as the "output branch" of sleep, which means that these neurons could actually present a counterpart to sleep-active neurons in the mammalian POA. While important sleep centers have been identified in the fly, the future challenge will be to figure out how the different sleep circuits work together to induce sleep systemically.

Sleep-Active Neurons in *C. elegans* {#s6}
====================================

Like *Drosophila*, *C. elegans* is an invertebrate species that belongs to the ecdysozoa, or molting animals, and allows straightforward genetic dissections. It has the smallest nervous system among genetically accessible sleep models with only 302 neurons in the hermaphrodite adult. Together with the mapped and invariant connectivity, and the transparency of this organism, dissection of sleep circuits by functional neuronal imaging and optogenetics should be straightforward.

Best characterized is sleep under two conditions. The first is during development and preceding the shedding of the old cuticle at the end of each larval molting cycle. The second condition is cellular stress, such as is experienced through heat shock, and is typically studied in the adult worm. A series of studies showed that these types of sleep fulfill the behavioral criteria that define sleep ([@bib79]; [@bib45]; [@bib99]). For each of the two types of sleep, a crucial single neuron has been identified ([Figure 2D](#fig2){ref-type="fig"}). The sensory neuron ALA is required for sleep following stressful conditions, involving its activation via a conserved EGF signaling pathway ([@bib102]; [@bib37]). ALA is GABAergic and produces a set of peptides to induce sleep, likely through an endocrine mechanism ([@bib70]; [@bib67]). ALA has neither been clearly shown to depolarize specifically at the onset of a sleep bout nor has it been shown to be inhibited by a waking stimulus. Thus, it is unclear whether it exhibits the activity pattern and fast switching kinetics typical for mammalian sleep-active neurons.

Developmental sleep crucially requires the RIS neuron. Deletion of the *aptf-1* transcription factor, which determines neuropeptide expression in RIS, or ablation of the RIS neuron using a laser completely abolishes developmental sleep behavior. RIS is GABAergic and peptidergic, and induces sleep through peptides including the inhibitory RFamide neuropeptide FLP-11. Calcium imaging has shown that RIS depolarizes at the onset of sleep. Optogenetic activation in waking animals induces acute quiescence and inhibits command interneurons. A waking stimulus can inhibit RIS, suggesting that a regulatory mechanism exists that is similar to the flip--flop switch in mammals ([@bib100], [@bib101]). Thus, RIS is a *bona fide* sleep-active neuron that appears to work like the mammalian sleep motor, including fast switching kinetics. It provides a highly simplified model system of a sleep-active sleep-inducing neuron, as it is only one cell in a small nervous system. Even though the sleep pattern does not follow a 24 hr pattern, developmental sleep is timed by the homolog of the circadian protein PERIOD called LIN-42 ([@bib40]; [@bib63]). Other than this, little is known about the circuits and pathways driving RIS activation, and the relationship of ALA and RIS.

The discovery of sleep-active neurons in both mammals and simple invertebrates raises the question of how sleep-inducing neurons evolved. Are they the product of convergent evolution or do they present homologous structures? While the mechanisms of action of RIS and POA sleep-promoting neurons are strikingly similar, molecular information on these neurons is required to definitively solve this question. APTF-1 is a member of the highly conserved group of AP2 transcription factors. In *Drosophila*, AP2 has also been shown to be required for sleep and, in humans, mutations in TFAP2β cause Char syndrome, which is linked to insomnia ([@bib61]; [@bib48]). Several additional genes have been found to be conserved in sleep control, including neurotransmitter systems, but also specific regulators such as salt-inducible kinase, which plays a role in sleep in worms and mice, suggesting that sleep in *C. elegans* and mammals has a common evolutionary history, making the worm a valuable model for the study of sleep control ([@bib95]; [@bib30]).

What Are the Origins of Sleep-Active Neurons? {#s7}
=============================================

Sleep has been detected by behavioral criteria in most animals that possess a nervous system and that have been studied carefully. Among basal metazoans, behavioral quiescence was found in some species of cnidarians that possess a nerve net containing GABAergic and peptidergic neurons. Box jellyfish medusae were found to display cessation of locomotion and rest on the sea floor ([@bib89]). Even more impressive, quiescence in medusae of *Cassiopea spp.* has recently been characterized as sleep ([@bib68]). Additionally, planula larvae of *Hydractinia* echinata larvae were shown to have locomotion that is controlled by neuropeptides to create periods of activity and rest. Intriguingly, locomotion cessation in *H.* echinata larvae can be induced by RF peptides ([@bib44]). As RFamide peptides are also required for sleep induction in other systems, it is imaginable that cnidarians may possess sleep-active neurons ([@bib51]; [@bib67]; [@bib101]; [@bib50]). Thus, sleep-active sleep-inducing neurons could well have evolved prior to a centralized nervous system. Obviously, additional studies would be necessary to test this. Studying even more basal metazoans could shed light on how sleep-active neurons evolved. *Trichoplax* lacks neurons and muscles, but still shows locomotion behaviors that are mediated by cilia and also has rest and activity phases. Interestingly, *Trichoplax* contains gland cells. While these secretory cells are not neurons themselves, as they do not seem to be connected by synapses, they might control locomotion behavior including active and quiescence phases by endocrine signaling ([@bib97]). Thus, precursors of sleep-active neurons may even be found in animals that lack nervous systems. Hypothetically, as a part of evolving locomotion, mechanisms controlling activity and rest were needed. Thus, sleep-active neurons may have emerged from simpler activity--rest-controlling systems together with the emergence of a nervous system ([Figure 1](#fig1){ref-type="fig"}). While this is speculative, it may stimulate the search for sleep-active neurons or their precursors in basal metazoans.

While sleep is believed to be essential for the survival of most species, some animals can survive with little sleep. For example, large herbivores, migrating or mating birds, and postpartum whales have been found to get away with little sleep ([@bib12]; [@bib60]; [@bib18]; [@bib52]; [@bib81]). It would be interesting to conclusively identify animals that have a nervous system but do not sleep, but this has not been achieved yet. Such animals could provide insight into how to live without sleep. In a sleep-neuron centric view, it would be interesting to see whether these animals possess sleep-active neurons or whether these exist but are not activated. Because sleep-active neurons generate the fast-switching dynamic behaviors that define sleep, there appears to be no sleep without such neurons. While convergent evolution of sleep-active neurons is possible, the currently most likely scenario is that sleep evolved once through the emergence of sleep-active neurons early in the evolution of metazoans, perhaps at the base of bilaterians, but maybe even earlier, for instance shortly after or with the development of a nervous system ([Figure 1](#fig1){ref-type="fig"}).

In summary, sleep-active neurons are key inhibitors of wakefulness and thus crucial triggers of sleep. They appear to be widespread in animals and may share a common evolutionary origin. Important steps toward understanding sleep control will be the dissection of neural circuits and molecular players for sleep induction across species, to identify all drivers and motors of sleep. Given the high level of conservation of sleep across species, the use of model organisms to solve sleep is valid, and findings from various models can be merged to obtain a holistic view of sleep control.
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